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690Objectives: Systemic inflammatory responses are a major cause of morbidity and mortality in patients
undergoing cardiac surgery with cardiopulmonary bypass. However, the underlying molecular mechanisms
for systemic inflammation in response to cardiopulmonary bypass are poorly understood.
Methods:A porcine model was established to study the signaling pathways that promote systemic inflammation
in response to cardiac surgery with cardiopulmonary bypass under well-controlled experimental conditions. The
influence of sulforaphane, an anti-inflammatory compound derived from green vegetables, on inflammation and
injury in response to cardiopulmonary bypass was also studied. Intracellular staining and flow cytometry were
performed to measure phosphorylation of p38 mitogen-activated protein kinase and the transcription factor
nuclear factor-kB in granulocytes and mononuclear cells.
Results: Surgery with cardiopulmonary bypass for 1 to 2 hours enhanced phosphorylation of p38 (2.5-fold)
and nuclear factor-kB (1.6-fold) in circulating mononuclear cells. Cardiopulmonary bypass also modified
granulocytes by activating nuclear factor-kB (1.6-fold), whereas p38 was not altered. Histologic analyses
revealed that cardiopulmonary bypass promoted acute tubular necrosis. Pretreatment of animals with
sulforaphane reduced p38 (90% reduction) and nuclear factor-kB (50% reduction) phosphorylation in
leukocytes and protected kidneys from injury.
Conclusions: Systemic inflammatory responses after cardiopulmonary bypass were associated with activation
of p38 and nuclear factor-kB pathways in circulating leukocytes. Inflammatory responses to cardiopulmonary
bypass can be reduced by sulforaphane, which reduced leukocyte activation and protected against renal injury.
(J Thorac Cardiovasc Surg 2014;148:690-7)Supplemental material is available online.Cardiac surgery with cardiopulmonary bypass (CPB)
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The Journal of Thoracic and Cardiovascular Surgcomplications.1-4 Systemic inflammation after CPB is
believed to contribute to various pathophysiologic
outcomes, including renal, pulmonary, and myocardial
damage.5,6 The underlying mechanism is likely to be
multifactorial, involving operative trauma, hemodilution
and endothelial damage by edema, ischemia/reperfusion of
organs, and contact-activation of blood components during
CPB.1-8 Despite these insights, the mechanisms that
control systemic inflammatory responses to cardiac surgery
remain poorly characterized at the molecular level. To
illuminate this subject, we performed CPB under highly
controlled experimental conditions using a porcine model.
Pigs were chosen because they have a circulation that is
anatomically and physiologically similar to that of humans.
In addition, the pig is becoming an increasingly attractive
species for cardiovascular research, with sequencing of the
porcine genome completed and an expanding reagent
base.9,10 The activities of proinflammatory p38 mitogen-
activated protein (MAP) kinase and RelA (a member of the
nuclear factor-kB [NF-kB] family of transcription fac-
tors)11-17 were monitored in leukocytes and in renal, lung,
and myocardial tissues of pigs exposed to CPB to assessery c August 2014
Abbreviations and Acronyms
ATN ¼ acute tubular necrosis
CPB ¼ cardiopulmonary bypass
IL ¼ interleukin
IV ¼ intravenous
NF-kB ¼ nuclear factor-kB
MAP ¼ mitogen-activated protein
PE ¼ phycoerythrin
RT-PCR ¼ real-time polymerase chain reaction
TNFa ¼ tumor necrosis factor-a
Nguyen et al Evolving Technology/Basic Sciencethe potential role of these molecules in systemic
inflammatory responses.
Given that inflammation in response to cardiac surgery
with CPB is induced by a predictable stimulus, it may be
possible to prevent or reduce inflammation by pretreatment
with an anti-inflammatory compound. We focused on the
potential anti-inflammatory effects of sulforaphane. This
compound is an isothiocyanate that acts as a potent inducer
of antioxidants via the transcription factor Nrf2.18-22
Sulforaphane is produced during dietary consumption of the
precursor glucoraphanin, which is found in green vegetables
and is particularly abundant in broccoli sprouts.23,24
Preclinical studies from our group and others have
demonstrated that sulforaphane suppresses inflammation by
inhibiting activation of p38 and NF-kB.21,22,25-27 We
examined whether pretreatment using sulforaphane can
reduce inflammation and tissue injury in response to CPB.E
T
/B
SMATERIALS AND METHODS
Materials
Fluorescent (phycoerythrin [PE]-Cy7-conjugated) antibodies that
recognizeThr180/Tyr182 phosphorylatedp38andPE-conjugated antibodies
that recognize Ser529 phosphorylated RelA (NF-kB) were purchased from
BD Biosciences (San Jose, Calif). Buffers for intracellular staining were
obtained from BD Biosciences. Primary antibodies that recognize
Thr180/Tyr182 phosphorylated p38 or Ser536 phosphorylated RelA
(NF-kB) were purchased from New England Biolabs (Ipswich, Mass). All
other reagents were obtained from Sigma-Aldrich (St Louis, Mo).
Animal Model
Female Landrace pigs (50-60 kg) were used according to UK Home
Office regulations and Directive 2010/63/EU of the European Parliament
and in compliance with the Guide for the Care and Use of Laboratory
Animals (http://www.nap.edu/catalog.php?record_id¼12910). They were
acclimatized for 1 week before surgery, and their health and absence of
infection were verified by veterinary inspection. Animals were sedated
using intramuscular ketamine (20 mg/kg)/xylazine (2 mg/kg) before the
induction of anesthesia with 5% isoflurane gas and oxygen flow rates of 8
to 10 L/min. A 21-gauge cannula was inserted in an ear vein to facilitate
intravenous (IV) administration of substances. After intubation, anesthesia
was maintained with an isoflurane/O2 mixture. Immediately after the induc-
tionof anesthesia, pigswere treatedwith a single dose of sulforaphane (2mg/
kg, IV injection) or an equivalent volume of the vehicle (saline, IV injection)
as a control (5 animals per group). Continuous arterial blood pressureThe Journal of Thoracic and Camonitoring was instituted via an indwelling arterial line in the external ca-
rotid artery after surgical neck dissection. After median sternotomy using
a gigli saw, IV heparin was administered (300 IU/kg). The aorta and right
atrium were then cannulated, and normothermic (38C-39C) nonpulsatile
CPB was maintained for 2 hours using a St€ockert multiflow roller pump
(Sorin Group GmbH, Munich, Germany) generating a forward flow of 2 to
4 L/min with line pressures less than 300 mm Hg. Gas exchange was
achieved via a hollow fiber-membrane oxygenator apparatus (Dideco
Biomedical, Mirandola, Italy). Mean arterial pressures between 50 and 65
mm Hg were achieved with incremental doses of metaraminol, as required.
The adequacy of CPBwas checked by blood gas analysis at 30-minute inter-
vals. Lung ventilation was discontinued during this period. Arterial blood
samples were taken before surgery, after sternotomy and cannulation but
before CPB, and at varying times after the commencement of CPB. On
completion of the CPB period, the experimental animal was terminated us-
ing IV phenobarbital. Immediately after termination, renal, pulmonary, and
myocardial tissueswere removed. Portionswere snap-frozen using liquid ni-
trogen and stored at80C (before analysis byWestern blotting or real-time
polymerase chain reaction [RT-PCR]). Portions were fixed using formalin
and embedded in paraffin before the preparation of histologic sections.
Intracellular Staining for Phosphorylated p38
Mitogen-Activated Protein Kinase and Nuclear
Factor-kB
Whole blood samples were incubated with Becton Dickinson (Franklin
Lakes, NJ) lyse/fix buffer (containing phosphatase inhibitors) for 10
minutes at 37C. Leukocytes were then isolated by centrifugation (300g
for 5 minutes) and washed once with phosphate-buffered saline. Cells
were resuspended in 0.5 mL prechilled Becton Dickinson Perm Buffer III,
vortexed, and incubated on ice for 30 minutes. After this, cells were washed
twice with phosphate-buffered saline and resuspended in 0.5 mL Becton
DickinsonStainBuffer (fetal bovine serum) before incubation for 30minutes
(at room temperature) with PE-Cy7– or PE-conjugated antibodies that
recognized Ser529 phosphorylated RelA (p65; NF-kB) or Thr180/Tyr182
phosphorylated p38 or isotype-matched controls, with subsequent washing
and analysis by flow cytometry (Becton Dickinson). Fluorescence of PE-
conjugated p65 and PE-Cy7–conjugated p38 MAP kinase antibodies was
quantified in granulocytes or mononuclear cells (identified by forward and
side scatter plots) using Summit 4.3 software (Dako, Glostrup, Denmark).
Comparative Real-Time Polymerase Chain Reaction
RNAwas extracted using theEZNATotalRNAKit I (OmegaBio-Tek,Nor-
cross, Ga) and reverse transcribed into cDNA using qScript cDNA Supermix
(Quanta BioSciences Inc, Gaithersburg,Md). Transcript levels were quantified
bycomparativeRT-PCRusinggene-specificprimers for porcine tumornecrosis
factor-a (TNFa) (sense, 50-GACAGATGGGCTGTACCTCA-30; antisense, 50-
GAGGTTGACCTTGGTCTGGT-30), interleukin (IL)-8 (sense, 50-GACCA
GAGCCAGGAAGAGAC-30; antisense, 50-ACAGAGAGCTGCAGAAAG
CA-30), and IL-6 (sense, 50-GCTTCCAATCTGGGTTCAAT-30; antisense,
50-CTAATCTGCACAGCCTCGAC-30) using PerfeCTa SYBR Green Super-
mix (Quanta BioSciences Inc) and the CFX96 RT-PCR Detection System
(Bio-Rad Laboratories, Inc, Hercules, Calif). Reactions were performed in
triplicate. Relative gene expression was calculated by comparing the number
of thermal cycles thatwere necessary to generate threshold amounts of product.
Data were pooled from 3 independent experiments, and mean values were
calculated with standard deviations.
Cell Culture
Porcine aortas were obtained from a local abattoir. Porcine aortic
endothelial cells were collected and cultured as described.28
Western Blotting
Levels of particular proteins were measured in cytosolic or nuclear
lysates prepared using the Nuclear Extraction Kit (Active Motif, Carlsbad,rdiovascular Surgery c Volume 148, Number 2 691
FIGURE 1. p38 and NF-kB activation in leukocytes in response to CPB was suppressed by pretreatment with sulforaphane. Animals were treated with
sulforaphane or vehicle alone as a control and then subjected to CPB for 2 hours. Peripheral blood samples were collected before sulforaphane or vehicle
injection (baseline), immediately before CPB (cannulation), and at varying times after CPB initiation. Leukocytes were fixed and permeabilized before
intracellular staining using Alexafluor568-conjugated antibodies that recognize (A) Thr180/Tyr182 phosphorylated p38 or (B) Ser529 phosphorylated RelA or
with isotype-matched irrelevant antibodies as a control. After lysis of red blood cells, fluorescence of granulocytes or mononuclear cells was quantified by flow
cytometry (after gating of cells by size and granularity). Mean fluorescence levels were calculated after subtracting values from isotype-control antibodies.
Meanvalues pooled from 5 animals per group are shownwith standard deviations. *P<.05, **P<.01, ***P<.001.NF-kB, Nuclear factor-kB; ns, not significant.
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peroxidase–conjugated secondary antibodies, and chemiluminescent
detection.
Morphologic Studies
Sections made from formalin-fixed, paraffin-embedded tissues were
incubated in xylene for 5 minutes and hydrated by sequential exposure
to decreasing concentrations of ethanol (100% to 50%) and water.
Sections were stained with hematoxylin–eosin before histologic
assessment. Morphology and injury of myocardial, pulmonary, and renal
tissues were assessed independently by an experienced pathologist who
was blinded to the experimental design.
Plasma Sulforaphane Assay
Sulforaphane levels were measured in plasma samples by liquid
chromatography mass spectrometry. High-performance liquid chromatog-
raphy was performed with a 2690 Separation Module system (Waters
Associates, Milford, Mass) equipped with a phenomenex Gemini 3m
C18 110A column (150 3 2 mm) using a isocratic elution (acetoni-
trile/0.1% formic acid in water ¼ 50:50). The flow rate of the mobile
phase and the column oven temperature were set at 0.2 mL/min and
30C, respectively. The high-performance liquid chromatography system
was coupled to an API 2000 triple-quadrupole mass spectrometer
equipped with a turbo ion spray ionization source (AB MDS Sciex,
Toronto, Canada). The mass spectrometry–mass spectrometry detection
was achieved using a positive ion multiple reaction monitoring
mode with m/z transitions of 177.9 / 114.0 for sulforaphane and
256.1/ 167.0 for diphenhydramine.692 The Journal of Thoracic and Cardiovascular SurgStatistics
Differences between samples were analyzed using an unpaired Student t
test or analysis of variance (*P<.05, **P<.01, ***P<.001).RESULTS
Inflammatory Signaling Pathways in Leukocytes Are
Activated by Cardiopulmonary Bypass
The kinetics of leukocyte activation in response to CPB
were determined by measuring p38 phosphorylation and
NF-kB phosphorylation in leukocytes. Blood samples
were collected preoperatively (baseline), after cannulation
of the aorta and right atrium before the initiation of CPB
(CPB start), and at 1 to 2 hours after initiation of CPB.
Intracellular staining and flow cytometry demonstrated
that CPB induced phosphorylation of both p38 (Figure 1,
A) and NF-kB RelA subunits (Figure 1, B) in mononuclear
cells after 1 to 2 hours of CPB. CPB also modified
granulocytes by activating NF-kB (Figure 1, B), whereas
p38 phosphorylation was not altered (Figure 1, A).
We wanted to know the effects of CPB on the expression
of inflammatory cytokines in leukocytes. Quantitative PCR
analysis of whole blood revealed that TNFa and IL-8
transcripts were enhanced after CPB for 1 hour and subse-
quently declined at 2 hours post-CPB (Figure 2, A and B).ery c August 2014
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pigs that were prepared for CPB (before the commencement
of CPB; Figure 2, C, compare baseline with CPB start),
indicating that this cytokine was induced by surgical
procedures per se.
Inflammatory Signaling Pathways in Leukocytes Are
Attenuated by Sulforaphane Pretreatment
The influence of sulforaphane on physiologic responses
to CPB was studied under well-controlled experimental
conditions by pretreating pigs with sulforaphane (IV 2
mg/kg) or saline as a control. In the first instance, we
monitored plasma levels of sulforaphane by liquid
chromatography mass spectrometry (Figure 3). This study
demonstrated that plasma sulforaphane levels were signifi-
cantly elevated immediately before the commencement of
CPB (CPB start) and persisted for at least 2 hours in animals
that were pretreated with sulforaphane. The half time of
sulforaphane in the pig was approximately 2 hours.
Sulforaphane was not detected in saline-treated animals,
indicating that endogenous levels of this compound were
negligible (Figure 3). Of particular note, pretreatment of
animals with sulforaphane significantly reduced p38 and
NF-kB phosphorylation in leukocytes (Figure 1, A and B).
Levels of TNFa, IL-8, and IL-6 were also significantly
reduced in pigs that were pretreated with sulforaphane
compared with control animals (Figure 2, A-C). Thus, it
was concluded that CPB triggers p38 and NF-kB signaling
and cytokine production in leukocytes and that these pro-
cesses can be blocked by pretreatment with sulforaphane.
Sulforaphane Reduces Renal Injury After
Cardiopulmonary Bypass
Histologic analyses were performed to determine the
effects of porcine CPB on renal, lung, and myocardial his-
topathology. We did not observe histologic changes in heart
or lung, suggesting that the architecture of these tissues was
resistant to CPB, within the limits of histopathology
(Figure E1). Of note, our model did not involve cardioplegia
or crossclamp fibrillation, and therefore the heart and lungs
were perfused throughout. It is plausible that the absence of
edema in heart or lung relates to the absence of ischemia/re-
perfusion injury in this porcine model of CPB. There was
acute tubular necrosis (ATN) in renal samples from 80%
of control pigs (4/5) undergoing CPB, evidenced by
abnormal tubular flattening and debris within the tubular
lumina (open arrows in Figure 4, A, saline; key features
shown at higher magnification in the insets). By contrast,
ATN was not observed in kidneys from pigs pretreated
with sulforaphane before CPB (P<.05; Figure 4, A). This
indicates that sulforaphane pretreatment protects kidneys
from damage in response to surgery with CPB.
The potential influence of sulforaphane on p38 and
NF-kB phosphorylation in renal, lung, and myocardialThe Journal of Thoracic and Catissues was determined by Western blotting. To validate
the technique, we identified phosphorylated forms of p38
or RelA NF-kB subunits in cultured porcine aortic
endothelial cells stimulated with PMA, which served as a
positive control for antibody binding (Figure 4, B).
Phosphorylated forms of p38 or NF-kB (RelA) were not
detected in renal (Figure 4, B) or lung (Figure E2) tissues
from pigs exposed to CPB, whereas p38 phosphorylation
was detected in the myocardium (Figure E2). Sulforaphane
pretreatment did not influence p38 or NF-kB (RelA)
activation by phosphorylation in tissues (Figure 4, B, and
Figure E2), indicating that its protective effects are not
due to local suppression of either of these signaling path-
ways. Quantitative RT-PCR demonstrated that sulforaphane
reduced expression of IL-6 and TNFa in lung (Figure E3)
but did not alter inflammatory transcripts in renal tissues
(Figure 4, C). Thus, although sulforaphane can influence
cytokine production in tissues, this effect does not account
for its ability to reduce ATN in response to surgery with
CPB.
Cardiac surgery with CPB activated p38 and NF-kB
pathways in circulating leukocytes, and this was associated
with ATN. Pretreatment of animals using a single dose of
sulforaphane suppressed leukocyte activation and protected
against renal injury in response to CPB.
DISCUSSION
Clinical studies of inflammatory responses to cardiac sur-
gery are complicated by variation in patient demographics,
pathophysiology of the primary disease, comorbidities, and
polypharmacy. Variation also arises operatively in the
duration of surgery and exposure to CPB, which depend
on the complexity of the operation. To minimize these
sources of variation, we have established a large animal
model of CPB in which healthy female pigs of similar age
were exposed to CPB for a uniform duration. The study
allowed assessment of the kinetics of leukocyte activation
in response to CPB under well-controlled experimental
conditions. It also allowed detailed examination of
inflammatory gene expression in various tissue components
(heart, kidney, lung) not normally procured in human
subjects.
On the other hand, our study was associated with several
limitations, including the relatively small sample size used
and use of a single parameter to determine renal function.
In addition, the heart was not excluded and not arrested dur-
ing the study. Thus, although the porcine model allowed
analysis of the effects of surgical preparation and CPB on in-
flammatory responses, the potential influence of cardiac
isolation from the circulation was not assessed. Further
studies are now required to confirm our observations
using additional readouts of renal function and using
animal models and clinical protocols that include cardiople-
gia or crossclamp fibrillation to achievemyocardial standstill.rdiovascular Surgery c Volume 148, Number 2 693
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FIGURE 3. Plasma sulforaphane levels in experimental groups. Animals were treated with sulforaphane or vehicle alone as a control and then subjected to
CPB for 2 hours. Plasma samples were collected before sulforaphane or vehicle injection (baseline), immediately before CPB (cannulation), and at varying
times after CPB initiation. Sulforaphane levels were determined by liquid chromatography mass spectrometry (not detected). Data were pooled from
5 animals, and mean levels  standard deviations are shown. ND, Not detected.
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molecular mechanisms that regulate systemic inflammation
after CPB and may allow early diagnosis of inflammatory
injury. With the use of the porcine model, we demonstrate
for the first time that surgery with CPB leads to p38 and
NF-kB phosphorylation in leukocytes. The underlying
mechanism may involve reperfusion injury and contact-
activation of blood components.29,30 Of note, IL-6 induction
in leukocytes was evident at the time of cannulation before
CPB, indicating that median sternotomy or cannulation of
the aorta and right atrium per se was sufficient to activate in-
flammatory signaling in leukocytes. It is likely that sternot-
omy and cannulation trigger inflammatory pathways by
promoting the release of damage-associated molecular pat-
terns into the circulation8,31; however, further studies are
required to identify the particular molecular triggers that
are responsible. We conclude that several aspects of the
surgical process contribute to systemic leukocyte
activation, including sternotomy/cannulation and CPB.
Given the known role of p38 and NF-kB in the transcrip-
tional induction and stability of proinflammatory mole-
cules,11-17 we reasoned that targeting of these molecules
may dampen systemic inflammation in response to CPB.
To test this hypothesis, we pretreated experimentalFIGURE 2. Inflammatory cytokine induction in response to CPB was reduced b
or vehicle alone as a control and then subjected to CPB for 2 hours. Peripher
(baseline), immediately before CPB (cannulation), and at varying times after
quantified by RT-PCR. Mean values pooled from 5 animals per group are shown
TNFa, tumor necrosis factor-a; mRNA, messenger RNA.
The Journal of Thoracic and Caanimals with sulforaphane, an isothiocyanate from green
vegetables in the Brassica genus (eg, broccoli, pak choi).
Sulforaphane was selected for study because it is a potent
indirect antioxidant that induces numerous endogenous
antioxidant enzymes (eg, HO-1, ferritin) via the transcrip-
tion factor Nrf2.19 Moreover, we previously demonstrated
that sulforaphane can suppress arterial inflammation in
rodents,21 and several groups demonstrated that this
compound can inhibit MAP kinases and NF-kB in cultured
vascular cells and leukocytes.18-22,25-27
We observed that sulforaphane pretreatment reduced p38
and NF-kB activation and suppressed inflammatory cyto-
kine expression in circulating leukocytes in pigs exposed
to CPB. Although treatment with sulforaphane reduced
ATN in response to CPB, it did not influence inflammatory
signaling or cytokine expression in renal tissues. These data
suggest that sulforaphane protects the kidney from injury in
response to CPB via inactivation of inflammatory signaling
pathways in leukocytes. Although the mechanism underly-
ing the differential effects of sulforaphane on leukocyte and
nonimmune tissues remains uncertain, it is plausible that
the bioavailability of this compound is elevated in the
circulation or that leukocytes are particularly sensitive to
endogenous antioxidants.y pretreatment with sulforaphane. Animals were treated with sulforaphane
al blood samples were collected before sulforaphane or vehicle injection
CPB initiation. TNFa (A), IL-8 (B), and IL-6 (C) transcript levels were
with standard deviations. *P<.05, **P<.01, ***P<.001. IL, Interleukin;
rdiovascular Surgery c Volume 148, Number 2 695
FIGURE 4. Sulforaphane pretreatment reduces acute renal injury in response to CPB. Animals were treated with sulforaphane (animals 6-10) or vehicle
alone as a control (animals 1-5) and then subjected to CPB for 2 hours. Renal tissues were harvested. A, Tissue sections were stainedwith hematoxylin–eosin
before histologic assessment by an experienced pathologist who was blinded to the experimental design. Representative images are shown. Open arrows
indicate abnormal tubular flattening and debris within the tubular lumina. B, Renal tissue lysates were tested by Western blotting using antibodies that
recognize Thr180/Tyr182 phosphorylated p38, total p38, Ser536 phosphorylated RelA, or total RelA, and by using anti-a-tubulin antibodies to assess total
protein levels. Lysates from phorbol myristyl acetate–stimulated porcine aortic endothelial cells (known to contain phosphorylated p38 and RelA) were
tested in parallel and served as a positive control for antibody binding. C, IL-6, IL-8, and TNFa transcript levels were quantified by RT-PCR. Data were
pooled from 5 animals, and mean values standard deviations are shown.CPB, Cardiopulmonary bypass; IL, interleukin; ns, not significant; PAEC, porcine
aortic endothelial cell; PMA, phorbol myristyl acetate; TNFa, tumor necrosis factor-a; mRNA, messenger RNA.
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Our observations have therapeutic significance for pa-
tients undergoing CPB because pharmacokinetic studies
in humans revealed that consumption of broccoli leads to
efficient uptake of sulforaphane from the gastrointestinal
tract.23,24,32 A single portion of broccoli cress generated
sulforaphane concentrations in plasma that reached
approximately 1 mmol/L at 1 hour after feeding and were
sufficient to dampen inflammatory responses.23,24,32
Although sulforaphane is rapidly cleared from plasma,
consumption of broccoli can induce antioxidant enzymes
for at least 24 hours in leukocytes of healthy volunteers.32
Of particular note, a clinical trial is under way to assess
the effects of broccoli intake on plasma cholesterol levels,
blood pressure, and pulse-wave velocity (a measure of
arterial stiffness) in subjects with elevated cardiovascular
risk (ClinicalTrials.gov NCT01114399). Thus, further
studies are required to examine whether consumption of
sulforaphane-containing vegetables before surgery with
CPB can benefit patients by reducing systemic
inflammation.
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Animal Model
Female Landrace pigs, with a mean weight of 53.6 kg
(range, 49.6-61.2 kg), were studied according to UK
Home Office regulations and after appropriate local ethical
review. Animals were fasted for 12 hours before surgery.
They were allowed access to water without restriction
during this time. Animals were then sedated using intra-
muscular ketamine (20 mg/kg)/xylazine (2 mg/kg) before
the induction of anesthesia with 5% isoflurane gas and
oxygen flow rates of 8 to 10 L/min. Animals were intubated,
and anesthesia was maintained with an isoflurane/O2
mixture driven by medical air. Pigs were treated with
sulforaphane (2 mg/kg IV) or saline as a control.
Animals were then positioned supine with attachment of
diathermy, rectal temperature probe, and electrocardiogram
electrodes with continuous monitoring. All areas outside of
the anesthetic and surgical field were blanketed to maintain
temperature homeostasis with the assistance of a heated
operating table. Surgery was performed using a strict
aseptic technique. The operative field was cleaned with
hibiscrub wash, and waterproof drapes were applied,
exposing the neck and sternum. Continuous arterial blood
pressure monitoring was instituted via an indwelling
arterial line in the external carotid artery after surgical
neck dissection. A skin incision from the supra-sternal
notch to the xiphisternum was created using a 10-blade
scalpel. Dissection down to the sternum was performed
using hand-held diathermy at 50J with release of the
supra-sternal ligament, with close attention to hemostasis
throughout. Retro-sternal adhesions were released with a
finger sweep before division of the sternum using a pair
of heavy Mayo scissors. IV heparin was given after the
completion of sternotomy (300 IU/kg). The aorta and right
atrium were then dissected and exposed using hand-held
diathermy at 50J. The aortic cannulation site was
prepared using 2-O Ethibond double purse-string sutures
(1 3 1 cm; Ethicon, St-Stevens-Woluwe, Belgium) 142
with 2 snuggers on opposing sides secured with Dunhill
clips. Aortic cannulation was performed when the activated697.e1 The Journal of Thoracic and Cardiovascular Sclotting time was greater than 400 seconds. The aortic pipe
was inserted into the aorta, with the direction of flow
orientated toward the arch and descending aorta. The right
atrium was cannulated using a 2-stage venous cannula,
directing the distal end toward the inferior vena cava.
The CPB circuit was primed with Hartmann’s solution
(2000 mL) and heparin (5000 IU). Lines were divided and
clamped in preparation for extracorporeal circulation.
CPB was subsequently maintained for 2 hours while lung
ventilation was discontinued. Normothermic (38C-39C)
nonpulsatile CPB was maintained using a St€ockert
multiflow roller pump (Sorin Group GmbH, Munich,
Germany) generating a forward flow of 2 to 4 L/min
with line pressures less than 300 mm Hg. Gas exchange
was achieved via a hollow fiber-membrane oxygenator
apparatus (Dideco). Mean arterial pressures between 50
and 65 mm Hg were achieved with incremental doses of
metaraminol (South Devon Healthcare, Torbay, UK), as
required. The adequacy of CPB was checked by blood gas
analysis at 30-minute intervals. The experiment was
terminated using phenobarbital delivered through the CPB
machine or central access site. Tissues (heart, lung, kidney,
skin) were then harvested immediately.
Standards and Sample Preparation for Liquid
Chromatography Mass Spectrometry Analysis
Primary stock solutions of sulforaphane and diphenhy-
dramine (internal standard) were prepared by dissolving
5 mg in dimethyl sulfoxide 500 mL and 10 mg in methanol
100 mL, respectively. The standard working solutions
of sulforaphane were prepared by serial dilution with
acetonitrile to give working solutions with concentrations
of 25, 50, 100, 250, 500, and 1000 ng/mL. The internal
standard working solution (50 mL, diphenhydramine
500 mg/mL in methanol) and acetonitrile (200 mL) were
added to pig plasma (50 mL). The mixture was centrifuged
for 10 minutes at 4000 rpm, and the supernatant was
transferred to a clean tube. The supernatant was diluted
2-fold, and a portion (10 mL) of the solution was injected
into liquid chromatography mass spectrometry.urgery c August 2014
FIGUREE1. Animals were treated with sulforaphane or vehicle alone as a control and then subjected to CPB for 2 hours. Myocardial and lung tissues were
harvested. Tissue sections were stained with hematoxylin–eosin before histologic assessment by an experienced pathologist who was blinded to the
experimental design. Representative images are shown.
FIGURE E2. Animals were treated with sulforaphane (animals 6-10) or vehicle alone as a control (animals 1-5) and then subjected to CPB for 2 hours.
Myocardial and lung tissues were harvested. Tissue lysates were tested by Western blotting using antibodies that recognize Thr180/Tyr182 phosphorylated
p38, total p38, Ser536 phosphorylated RelA, or total RelA, and by using anti-a-tubulin antibodies to assess total protein levels.
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FIGUREE3. Animals were treated with sulforaphane or vehicle alone as a control and then subjected to CPB for 2 hours. Myocardial and lung tissues were
harvested. IL-6, IL-8, and TNFa transcript levels were quantified by RT-PCR. Data were pooled from multiple animals, and mean values  standard
deviations are shown. IL, Interleukin; TNFa, tumor necrosis factor-a; mRNA, messenger RNA; ns, not significant.
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